The effects of dietary supplementation of processed sulfur in pigs according to the level provided during the fattening phase were examined. The pigs were divided into three groups: control (CON), non-sulfur fed pigs; T1, 0.1% processed sulfur fed pigs; T2, 0.3% processed sulfur fed pigs. Physicochemical and sensory properties, as well as meat quality and oxidative stability of the Longissimus dorsi muscle were investigated. The feeding of processed sulfur did not affect moisture and protein contents (p>0.05). However, the crude fat content of T2 was significantly decreased compared to CON (p<0.05), while the pH value of T2 was significantly higher than those of both CON and T1 (p<0.05). Cooking loss and expressible drip of T2 were also significantly lower than that of CON (p<0.05). The redness of meat from T1 was significantly higher than both CON and T2 (p<0.01). During storage, lipid oxidation of the meat from sulfur fed pigs (T1 and T2) was inhibited compared to CON. Examination of omega-3 polyunsaturated fatty acids revealed T2 to have significantly higher content than CON (p<0.05). In the sensory test, the juiciness and overall acceptability of T2 recorded higher scores than CON. This study demonstrated that meat from 0.3% processed sulfur fed pigs had improved nutrition and quality, with extended shelf-life.
Introduction
Recently, high-quality meat products containing highquality protein, fatty acid compositions, vitamins and minerals have been considered as an important parameter of consumer preference (Pethick et al., 2011; Scollan et al., 2006) . Improvement of meat quality upon the feeding of natural food additives to animals for the development of sensory and nutritional properties has been noted, while increment of the oxidative stability of meat has also been examined in the meat industry (Kim et Sulfur, an essential mineral, has also been examined for therapeutic applications in the treatment of metabolic diseases (Jacob, 2006; Parcell, 2002) . The transsulfuration pathway is well known as one of the most important metabolic pathways, related to both the synthesis of sulfurcontaining amino acids and the oxidative stress defense system (Mosharov et al., 2000; Persa et al., 2004) . Truong et al. (2006) and Pogge et al. (2013a) found that excess sulfur caused decrease in glutathione, and could increase the amount of antioxidant enzymes, such as superoxide dismutase, catalase, and glutathione peroxidase, in beef and rat. Multiple antioxidant metabolisms, including glutathione peroxidase and Reactive Oxygen Species (ROS) scavenging, are associated with elemental sulfur (Battin et al., 2009). Various roles of sulfur have been recognized, such as inclusion in amino acids, in addition to the activities of sulfur-related enzymes and biomolecule metabolism (Komarnisky et al., 2003) . Though sulfur should be processed to remove its toxicity, In et al. (2012) developed and validated a method for detoxification through animal experiment.
In the animal industry, the positive and negative effects The objective of the present study was to investigate the effectiveness of processed sulfur supplementation to pig for improvement of the physicochemical properties, meat quality and shelf life of Longissimus dorsi (LD) muscle. Sensory evaluation of cooked pork was also conducted to determine the influence of dietary processed sulfur on sensory attributes.
Materials and Methods
Animals and experimental design A total of 90 three-way crossbred pigs with an average live weight of 93.2±0.14 kg at the age of 144 d were randomly assigned to one of three treatment groups on the basis of weight, so that each treatment had 30 pigs arranged in three replicates of 10 pigs for 30 d (n=10 in each pen, three replicate pens per treatment). A commercial composition (Dongaone, Co.) was used as the experimental basal diet. The chemical composition of the diets was analyzed using the AOAC methods (1995), and listed in Table 1 . Processed sulfur used in the T1 and T2 diets was prepared as a powder and mixed with the basal diet. The experimental diets were designed to complete the nutrient requirements for all breeding phases (NRC, 1998), and were given to the pigs ad libitum. The three dietary treatments were made up as follows: 1) the control group (CON), fed the basal diet; 2) the T1 group, fed basal diet with processed sulfur at 1 g/kg feed; 3) the T2 group, fed basal diet with processed sulfur at 3 g/kg feed. Experimental treatments were fed during the fattening phase, for 30 d before slaughter. The sulfur was processed for detoxification according to the method of In et al. (2012) . The processed sulfur, purchased from Jungmin Co., Ltd (Korea), contained 97.93% elemental sulfur, a registered single ingredient at the Korea Feed Ingredients Association (KFIA). The animals were cared for following the guidelines of the animal policy of Konkuk University (Korea). The pigs of the three treatments were slaughtered at the live weight of 120±9 kg. All pigs were slaughtered on day 174 at the abattoir of the Yang-ju Federation of Livestock Cooperatives in the Republic of Korea. The carcass traits of the experimental pigs were recorded as follows: average daily gain (ADG), 0.86±0.07 kg; average daily feed intake (ADFI), 32.56±0.72 kg; carcass weight, 101.01±6.34 kg (Kim et al., 2014a) . Following the 24 h chilling process, the longissimus dorsi muscle of all pigs was removed from the carcass (n=90). The collected longissimus dorsi were then transported on ice back to the laboratory at Konkuk University. The proximate compositions, pH, cooking loss, expressible drip, color and TBARS were measured immediately upon arrival. The other separated muscles were stored in vacuum packaging at -20°C until analyzed for fatty acid and free amino acid composition.
Proximate composition
The moisture and ash of all samples were measured using official methods (AOAC, 1995). Crude fat was measured by Soxhlet extraction (AOAC, 1995), while crude protein content was determined by Kjeldahl's method (AOAC, 1995).
pH, cooking loss and expressible drip
The pH of the samples was measured with a pH meter (pH 900, Precisa Co, Switzerland). For measurement, 2 g samples were homogenized with 18 mL of distilled water for 90 sec using a Bag mixer 400 (Interscience Co, St Nom la Bretêche, France).
For determination of cooking loss, a fresh 30-mm-thick slice from each sample was weighed (50±5 g), placed in a plastic bag and cooked to an internal temperature of 70°C for 1 h. Cooked samples were allowed to cool for 30 min before blotted dry and weighed. Cooking loss of the meat was calculated using the following equation:
Cooking loss (%) = (weight of raw sample -weight of cooked sample) / weight of raw sample × 100
The measurement of expressible drip was carried out according to the method of Schilling et al. (2000) , with slight modifications. Weighed samples (A) were first sandwiched between Whatman No. 1 filter papers. A 0.5 g weight was then placed on top within 30 min and held there for 2 min. The refrigerated samples were placed at room temperature (25°C) for 20 min, and then pressed at 100 tons/m 2 using a hydraulic press (Ilshintech. Co., LTD, Korea). Finally, the samples were removed and weighed (B), and the drip under pressure was determined as [(A − B) / A] × 100 (Hasegawa, 1987) .
Determination of Thiobarbituric Acid Reactive Substances (TBARS)
TBARS values of the LD muscles stored for different periods of time (0, 2, 5 and 7 d) were determined according to a method modified from Witte et al. (1970) . Briefly, 2 g samples were homogenized with 10 mL of 10% trichloroacetic acid for 60 sec. The homogenized samples were then mixed with 10 mL distilled water. The mixture was filtrated through Whatman No. 1 filter paper, and then 5 mL of 2-thiobarbituric acid was added to the supernatant. After heating for 10 min, the absorbance was recorded at 532 nm using a spectrophotometer (Optizen 2120 UV, Mecasys, Korea). TEP (1,1,3,3-Tetraethoxypropane) was used as a positive control for construction of the standard curve. The TBARS values were calculated as malondialdehyde (MDA) mg/kg.
Measurement of Color
After placement of all samples at room temperature (25°C ) for 30 min, the color of the meat was measured using a colorimeter (NR-300, Nippon Denshoku, Japan). The machine was calibrated with a white plate (CIE L*= +94.48, a*=-0.67, b*=+3.31). Values of CIE L* (lightness), CIE a* (redness), and CIE b* (yellowness) were expressed.
Fatty acids
The fatty acid analysis was conducted using the method presented in AOAC (1995). Lipid extraction was performed following the method of Folch et al. (1957) , with slight modifications. In brief, 25 mg samples were mixed with potassium hydroxide (KOH) in methanol and heated. After cooling, 1 mL of isooctane solution and saturated sodium chloride (NaCl) were mixed with the solution. Chromatographic conditions were as follows: initial oven temperature, 100°C (held for 4 min); ramping at 3°C /min to 240°C (held for 15 min). The injector and detector were maintained at 225°C and 285°C, respectively. The flow rate of helium was 0.75 mL/min, and 1 µL of solution was injected in split mode (200:1). Nonadecanoic acid methyl ester at 0.3 mg/mL, as an internal standard, was added to the samples prior to fat extraction and methylation. The isooctane layer was dehydrated with anhydrous sodium sulfate and analyzed by gas chromatography (GC) (5,890, Agilent Technologies, USA). An SP-2560 column (100 m × 0.25 mm × 0.2 um) was used with a flame ionization detector.
Free amino acids Analysis of the free amino acids in the meat was carried out by the method of Mikami et al. (1994) . Each sample (5 g) was homogenized with distilled water (90 mL) for 1 min. After centrifugation for 20 min at 10,000 g at 0°C, the supernatant was filtered through Whatman No. 5 and the samples were diluted 1:1 with 4 % trichloroacetic acid. The diluted samples were incubated at 37°C for 30 min, and then filtered again with Whatman No. 5, repeatedly. The filtrate was then subjected to a final filtration with a 0.45 um Millipore filter. Each of the filtered samples was analyzed using a fully automated amino acid analyzer, HIT-ACHI L-8800A (Hitachi Ltd., Japan).
Sensory evaluation
Panelists (n=13) were selected from a descriptive panel with previous experience in sensory analysis studies. After placement of the refrigerated raw meat at room temperature (2°C) for 20 min, the color and marbling score of the meat was tested. The raw meat was then cooked for 30 min to a core temperature of 70°C and allowed to cool for 30 min before serving to the panel. The samples were cut into cube shapes (1. 2003E) , each sensory trait was assessed on a 9-point hedonic scale, including evaluation of color (1 = very undesirable to 9 = like extremely), marbling (1 = extremely low content to 9 = extremely high content), juiciness (1 = extremely dry to 9 = extremely juicy), flavor (1 = dislike extremely to 9 = like extremely) and overall acceptability (1 = dislike extremely to 9 = like extremely).
Statistical analysis
Statistical analyses of all data were conducted using SPSS (SPSS/PC Statistics 18.0 SPSS Inc., 2009). In addition, orthogonal polynomials were used to determine the linear and quadratic effects of processed sulfur concentration. The pen was provided as the experimental unit in the analyses. Values were expressed as mean±standard deviation of each pork loin batch. Differences between the groups regarding proximate compositions, pH, water activity, color, cooking loss, expressible drip, TBARS, free amino acids, fatty acids of mean and sensory evaluation were tested using Tukey's test (p<0.05), and trends were declared at p<0.1. In addition, differences in the mean TBARS values between time periods were tested for using Tukey's test (p<0.05).
Results and Discussion

Physicochemical properties
The effects of the processed sulfur diets on proximate composition, pH, cooking loss, expressible drip, and color of the meat are summarized in Table 2 . Significant differences were not detected in moisture and protein contents among CON, T1, and T2 (p>0.05). However, the crude fat content of T2 was significantly lower than that of CON, while the ash of T2 was significantly higher than that of CON (p<0.05). A similar observation of decreased lipid content in meat due to diet sulfur was reported in chicks The pH differences of meat are based on various factors, including different muscles and diet composition. The pH of meat is determined by lactic acid accumulation, generated from postmortem glycolysis (Monin et al., 1987; Sales et al., 1996). The pH plays important roles in determining the water holding capacity and tenderness of the meat (Bouton et al., 1971) . Herein, T2 was found to have a significantly higher pH than both CON and T1 (p<0.05). The cooking loss and expressible drip of T2 were also significantly lower than those of CON (p<0.05). The diet processed sulfur also appeared to influence the water holding capacity of the meat. Improvement of the water holding capacity of sulfur fed pigs was reported by Lee et al. 
(2009).
Lightness (CIE L*) showed a decreasing tendency with increasing levels of dietary processed sulfur. The meat of sulfur fed pigs was reported to have increased absorption of Fe, while the lightness of the meat displayed a negative correlation with iron content (Lee et al., 2009; Zembayashi et al., 1999) . The redness (CIE a*) of the meat from processed sulfur fed pigs (T1 and T2) was significantly higher than that of CON (p<0.01). Mortimer et al. (2014) suggested that the redness of meat also had a relationship with iron content. Therefore, providing dietary sulfur to pigs may influence the heme-Fe binding in myoglobin. Nevertheless, the redness of T2 was significantly lower than that of T1. When sulfur atoms bind to myoglobin under the place of oxygen, green-pigmented sulfmyoglobin is formed (Nichol et al., 1970) . Pogge et al. (2013a) reported that increasing the sulfur content in the diet induced sulfmyoglobin formation in the blood of steers. Yellowness (CIE b*) showed no significant differences among the three groups (CON, T1 and T2, p>0.05). The color of meat is known to be determined by factors such as the reaction between myoglobin and oxygen, enzymes, temperature, and pH, and is dependent on the diet composition (Dugan, 1999; Lawrie, 1985) .
Lipid oxidation
Changes in the TBARS values of the samples during refrigerated storage at 4°C are shown in Table 3 . The TBARS values of all groups increased significantly during storage (p<0.001), although T1 and T2 had significantly lower values compared to CON (p<0.001) after 5 and 7 d. Several studies demonstrated the inhibition of lipid oxidation in meat from sulfur fed pigs during storage (Kim et al., 2014a; Lee et al., 2009 ). According to Mcbean (2011) , glutathione, a powerful antioxidant enzyme, was formed in such cases via the transsulfuration pathway. Hydroperoxide is formed from a free radical chain mechanism in the presence of oxygen, and the TBA value was reported to have a positive correlation with the amount of breakdown products from hydroperoxide, such as volatiles compounds, alcohols and ketones (Ahn et al, 1999; Frankel, 1980) . Inhibition of the chain reaction of lipid oxidation due to the formation of methionine sulfoxide from the reaction between sulfur atom of methionine and hydroperoxide was also reported previously (Natake et al., 1973; Slump et al., 1973) . This result could be related to the antioxidant effect in the meat from sulfur fed pigs. Besides, sulfur compounds are also well known for increasing radical scavenging ability (Laggnera et al., 2005;  Nuutila et al., 2003) . Therefore, the lipid oxidation of pork from sulfur fed pigs would be retarded during storage.
Free amino acids
The free amino acid composition of pork from pigs fed processed sulfur is shown in Table 4 and peptides due to protein hydrolysis had a positive correlation with antioxidant properties. However, in spite of the processed sulfur supplementation, the amount of methionine in T2 was significantly lower than that of CON (p<0.05). In addition, cysteine content also showed a declining tendency according to the increase in sulfur supplementation. Therefore, the feeding of processed sulfur to pigs seems to interfere with the metabolism of sulfur-containing amino acids.
Fatty acid composition
The fatty acid composition of pork from pigs fed processed sulfur is shown in Table 5 . No significant differences in saturated fatty acids (SFA) were found among the three groups (p>0.05). However, the total monounsaturated fatty acids (MUFA) was significantly higher in T2 than in CON (p<0.05). In particular, the groups fed processed sulfur showed lower levels of palmitoleic acid (C 16:1n7) and oleic acid (C18:1n9). The decreases in these two fatty acids were associated with suppression of desaturase activity, which prevented the formation of MUFA (Ayerza et al., 2002) . Hence, the desaturase activity of T1 and T2 may have been inhibited due to the dietary processed sulfur provided to the pigs. Moreover, the total polyunsaturated fatty acid (PUFA) content showed an increasing tendency with increasing levels of processed sulfur (p<0.1). Furthermore, T2 had significantly higher amounts of omega 3 polyunsaturated fatty acid than CON (p< 0.05). According to Lorgeril and Salen (2012) , the intake of omega 3 fatty acid confers anticancer effects, while also displaying reduction of cardiovascular disease. Likewise, the ratio of PUFA to SFA is considered as an indicator of the nutritional quality of meat. Both processed sulfur fed pigs (T1 and T2) showed higher ratios (0.26-0.33) compared to the control group (0.24). The Department of Health (1994) recommended that higher intake ratio of PUFA to SFA could reduce the risk of disease.
Sensory evaluation
The results of the sensory evaluation of pork according to the level of processed sulfur provided in the diet are shown in Table 6 . Significant differences were not found in the color evaluation among CON, T1 and T2 (p>0.05); however, the marbling score of CON was significantly higher than that of both T1 and T2 (p<0.05). In the aroma evaluation herein, a tendency of inclination was observed according to the level of sulfur supplementation. The increased aromatic free amino acids (Threonine and tyrosine) could be responsible for improving the aroma evaluations of T1 and T2 (Gatellier et al., 2009 ). The juiciness of T2 was also significantly higher than that of CON (p<0.05). When compared to the results of the decreased cooking loss of T1 and T2, the higher juiciness score of the sulfur fed groups could be influenced by the water holding capacity. As a result, the overall acceptability score of T2 was significantly higher than that of CON (p<0.05).
Conclusion
The feeding of processed sulfur to pigs significantly enhanced the oxidative stability, meat quality and sensory properties. Because the fat content was decreased and the composition of fatty acids was affected by the feeding of processed sulfur to allow higher quality, improvement of the nutritional properties of the pork from processed sulfur fed pigs was obtained. The meat from processed sulfur fed pigs showed lower TBARS throughout the 7 d of storage under the refrigerated condition. Additionally, the expressible drip and cooking loss in T2 were lower than that of the control group. The supplementation with processed sulfur may increase water-holding capacity of meat. In sensory evaluation, T2 had the highest score for juiciness. Consequently, the supplementation with processed sulfur to pigs may be helpful for the meat industry, as well as consumers. 
